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Introduction

In recent years many investigations have been
directed toward obtaining quantitative measures of
how a pilot operates in a closed-loop tracking task.
The methods used have suffered from the undesir-
able feature of requiring several lengthy and com-
plicated computational steps to arrive at an answer
in the desired form of a transfer function. A
transfer function answer is desirable because it
describes several related parameters in a concise
and familiar form, and it can be used in further
analytical studies of complete systems. Therefore,
a method for automatically determining the transfer
function of a human as he operates in a closed-loop
control situation has been devised and used. The
method gives continuous and instantaneous records
of the gains in an analog model of the pilot.

Methods

The form of the analog model is preselected and
does not vary during a given experiment. The model
is mechanized by the use of an analog computer, and
the computatlon needed to adjust the gains in the
model automatically are also performed by the com-
puter. A block diagram of the tests is shown in
figure 1. The control loop for the initial tests
consisted of an oscilloscope display, a lightweight
spring-restrained center-located control stick,
simulated dynamics, and a random disturbance signal
which was summed with the output of the dynamics.
The resulting error was displayed to create a com-
pensatory tracking task. The input signal to the
pilot was also introduced into the analog pilot and
the output of the pilot and analog pilot are com-
pared. The analytical form of the analog pilot, as
given in figure 1, contains three variable gains; a
static gain Kj, a lead gain Kp, and two equal

lags T. The assumption of this form of transfer
function implies that the pilot uses the sum of the
displayed error, with a gain of Kj;, and the rate of
change of error, with a gain of Kp, to command his
controller output. This command signal is expressed
by the numerator of the transfer function. It is
further assumed that this command signal is applied
with some lag, which is expressed by the denominator
of the transfer function. Inclusion of a second-
order lag 1s necessary to account for the imertia of
the controller. TFor the present investigation this
second-order lag was initially assumed to be
expressed as two equal first-order lag terms. The
use of other arrangements of the expression for lag
will be discussed later. The gains Kj, Kp, and 7

are adjusted by setting the rate of change of the
particular gain under consideration equal to the
product of the difference between the pilot and
analog pilot and a weighting function obtained from
the block labeled filter. Such an adjustment loop
is provided for each gain to be varied, and all are
adjusted simultaneously.
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The type of parameter tracking just described
is similar to other methods which have been pro-

posed,l’2 and a comparison of this method with two
other methods is given in figure 2. The common
feature of the three methods is that the rate of
change of the adjustable gains is made proportional
to the product of an error and a partial derivative
of the error with respect to the gain being con-
sidered. In general, the model can be expressed as
a polynomial, which for the present explanation will
be expressed as a numerator and denominator. The
equation error method uses an error obtained as
shown (output multiplied by the denominator minus
input multiplied by the numerator) times the partial
which will in general be a function of the input
multiplied by a function of the model form and the
output multiplied by a function of the model form.
In the output error method, the error is obtained

as the difference between the model and the pilot,
and the partial is the same as for the equation
error method. In the present method the error used
is the same as that used in the output error method,
but by manipulation of the various signals in the
model, the input and output quantities in the par-
tial are replaced by the signal to the gain being
considered. For the model being used in the present
investigation, this manipulation results in simpler
partial expressions.

Single-Axis Tests

The method described above has been used to
measure the best fitting linear transfer function
for several NASA test pilots. The first tests
involved single-degree-of-freedom fixed-base simula-
tion of dynamics that varied from an easy-to-handle
rate mechanism, 2/5, to more difficult acceleration

mechanism, 10/52. The purpose of the investigation
was to determine the variation in the control tech-
nique used by the pilots with the various controlled
elements.

Time histories of a typical test are shown in
figure 3. Shown are the disturbances used, the dis-
played error, the pilot's output, the analog pllot's
output, and the difference between the pilot and
analog pilot. It can be seen that the analog pilot
accurately reproduces the overall characteristics of
the pilot, mainly lacking the high-frequency com-
ponents of the pilot's output. The adjustment of
the gains in the analog pilot is shown in figure k.
The required initial adjustment is completed in
approximately 5 seconds in this case, and the varia-
tions in the gains that occur after this initial
adjustment are quite small. The amplitude of these
small variations increased as the difficulty of the
dynamics increased, that is, the measured gains were
most steady with dynamics of 2/s, and least so for
10/52. The difference between the pillot and analog
pilot also increased with increase in the difficulty
of the dynamics.



A listing of results obtained with the various
dynamics tested for one of the subjects is shown
in figure 5. The dynamics are listed in a very
logical order. The first, 2/5, is a pure rate
dynamics and simulates a mechanism in which the
rate of change of attitude is always exactly pro-
portional to stick deflection. It is not possible
to achieve this type of response in a vehicle which

has inertla. The next two listings, 10

s(s + 2.5)

and ———EEL——3 are also called rate systems, but
s{s + 1)

now there is a lag present in the development of
the rate output. These dynamics are representative
of the roll mode of motlion of an alrplane, or of a
spacecraft with linear damping augmentation. The

fourth, 10/52, contains an infinite amount of lag
in the buildup of ratc and is therefore distin-
gulshed with the name of acceleration dynamics to
indicate that the acceleration of the vehicle is
proportional to stick deflection. The order of
these four dynamics corresponds to the amount of
lag, or the amount of damping, present in the
dynamics. The last dynamics listed,

10

, 1s representative of airplane
s(s2 + 35 + le

pitch mode of motion, and although it is the high-
est order system listed, it is easier to handle
than some of the others.

The measured pilot transfer function coeffi-
cients obtained with the various dynamics are
listed in figure 5. A very noticeable feature of
the results is the way in which the measured lag
coefficient, T, increases with increase in the lag
of the dynamics. These measurements lead to the
logical conclusion that the lag of the pilot
decreases with an increase in the lag of the vehi-
cle which he is controlling.

The determination of the pllot's transfer
function coefficients still does not allow a guan-
titative judgment to be made. However, once these
measurements have been made, it 1s possible to use
them in the calculation of the closed-loop char-
acteristics of the complete system of pilot plus
dynamics. Such calculated characteristics are also
listed in figure 5. Now servomechanism experience
can be used to make a quantitative judgment of
these systems. Servomechanism theory indicates
that the frequency of a system should be as high as
possible, the damping ratio shouwld ideally be 0.7,
and any real roots should be negative and as high
as possible. Using the damping ratio criterion,
the data show that a nearly ideal system is
obtained with the rate dynamics, 2/s, and the rest
of the data give a quantitative measure of how
large a deviation from ideal is obtained with the
other dynamics. It can be seen that the damping
ratio of the complete system decreases as the lag
of the dynamics increases. This same trend was
found with all of the subjects tested.

The performance factor, root-mean-square error,
was also measured in these tests, and these results
are presented 1n figure . The values obtained
conf'irm the fact that the acceleration dynamics
were the most difficult to control. The trend in
the root-mean-square error values with dynamics is
what would be cxpected on the basis of the calcu-
lated system characteristics and, therefore, also
confirms the calculated data.

Tests and measurements such as made in this
part of the investigation can give quantitative
indications of what changes in system character-
istics will occur when any element in the control
loop is changed. For example, a brief study was
made of the effect that changing display sensitivity

will have. These tests were done with

s(s + 1)
dynamics, and with constant stick sensitivity. The
results, presented in figure 6, show that as the
display sensitivity is changed so that the indicator
moves less and less, the frequency of the oscilla-
tory characteristic decreases and the damping ratio
increases. The method can be used in any particular
case to determine the change in system characteris-
tics that results from a change in some element of
the control system.

Two-Axes Tests

Tests have also been made of a two-axis task,
both with and without motion. The two axes were the
pitch and roll axes, the display was an 8-ball
instrument, and control was exercised with a two-
axis side-arm controller. The simulated dynamics

K

were (s + R
mounted cockpit, and were conducted with the gimbals
fixed and only the instrument moving, and with both
the instrument and cockpit gimbals moving in a man-
ner described by the error time history. The pitch
and roll axes were analyzed separately. Roll-axis
results without motion are presented in figure 7.
The main feature of these results, as compared with
the single-axls tests, 1s the variation with time in
the measured gains. It can be seen that the lead
gain, Kp, varies from O to 10, and that there are

These tests were made in a gimbal-

brief periods when Kj 1is reduced to approximately
50 percent of its steady value. The addition of
motion to the tests greatly reduced the unsteadiness
in the measured gains as is shown in figure 8.

These results indicate that the addition of motion
cues is a help to the pilot in maintaining the qual-
ity of his control.

Comparison of Pilot and Model

Pilot Performance

The validity of the matching technigue can be
evaluated by noting the similarity between the out-
put of analog pilot and the pilot. In all of the
tests performed so far the analog pilot has repro-
duced the obvious features of the control of all the
various subjects in all of the various control loops
tested. That is, the analog pilot displays wave
shapes and amplitudes similar to the pllot. As a
further check, the measured analog pilot has been
inserted into the control loop in place of the pilot,
and a comparison has been made between the control
error obtained with the pilot and with the analog
pilot. Figure 9 shows time histories cbtained in
this manner in which the single-degree-of-freedom
tests with the 2/s controlled dynamics were used.
The figure presents the disturbance, the error, and
the stick output that occurred with the pilot in the
loop, and the error and control output with the
analog pilot in the loop. It can be seen that the
results obtained with the pilot and analog pilot are

remarkably similar. However, when the same calcula-
0

tions are made using the 30 dynamics, it can
s(s + 1)




be seen (fig. 10) that the use of the analog pilot

results in better control than obtained with the
pilot. In instances when a sharp disturbance
cceurs, the recponse with the nilot and analog

vvvvvvv £polnee

pilot are very similar, but during periods when the
disturbance is very mild, larger errors occur with
the pilot controlling than with the analog pilot.
The root-mean-square error with the pilot con-
trolling was 1.6 volts, and with the analog pilot
the root-mean-square error is 0.86 volt. These
results indicate that those control motions made
by the pilot that do not correlate with the linear
model output are not useful. The reasons and
implications of this result should be given further
study.

Effect of Change in Model Form

It was stated at the beginning that the form
of the model was not changed in these tests, only
the gains contained in the model were varied to
achieve the desired fit of the model to the pilot.
For the purpose of determining whether changing the
form of the analog pilot would result in a better
fit, several variations in the form were tried.

The two linear terms in the denominator, which were
made to be identical in the original form, were
allowed to adjust independently in one case, whereas
a second form in which the denominator was arranged
as a quadratic instead of two linear terms was tried
in another case. Each of the three forms was also
tried with a fixed time delay included. Several
different values of the fixed delay were tried.
Example time histories of analog pilot output
obtained with the different forms using the same

10
s(s + 1)
shown in figure 11. The time delay used in two
plots that include time delay is 0.15 second.
Longer delays than this caused a noticeable deteri-
oration in the fit of the model time history to the
pilot. Although the results are slightly different
with each form, there is no clear advantage of one
form over another. A summary of the numerical
values of the gains obtained with the different

forms with the ___}9___
s(s + 1)

tape recorded data with the dynamics are

dynamics is presented

in figure 12. The closed-loop characteristic
obtained with the linear forms (those without time
delays) are also presented. It can be seen that
although the measured gains varied with the d4if-
ferent forms, the closed-loop characterlistics were
very nearly the same in each case. The same general

10
s(s + 1)
applied to all the dynamics tested. The addition of
the time delay caused an increase in the lag coeffi-
cient. Although an improvement in the fit was not
obtained with either of the alternate forms tried,
the additional tests did provide an independent
check on the closed-loop characteristics obtained
with the original measurements.

remarks as given here for the dynamics

Tests such as those described hereln will be
continued to obtain information on two- and three-
axes tasks. Also, further tests which will include
linear saturated and on-off control forces will be
made.

References

1. Ornstein, George N.: Application of a Technique
for the Automatic Analog Determination of
Human Response Equation Parameters. Rep.

No. NA61 H-1, North American Aviation, Inc.,
Jan. 2, 1961.

2. Wertz, H. J.: A Learning Model to Evaluate and
Aid Human Operator Adaptation. Presented at
International Congress on Human Factors in
Electronics (Long Beach, Calif.), IRE,

May 3-4, 1962.

3. Adams, James J., and Bergeron, Hugh P.: Meas-
ured Variations in the Transfer Function of a
Human Pilot in Single-Axis Tasks. NASA
TN D-1952, 1963.



Biography

James J. Adams. Born June 1i, 1926 in
Mitchell, South Dakota. Attended elementary school
in Rocky Mount, North Carolina. Received a
Bachelor of Mechanical Engineer degree from North
Carolina State College in 1948. Started work with
NACA in 1948 in Flight Research Division where he
worked on aircraft handling-gualities measurements,
and analytical studies of automatic control system
to improve the gust response of aircraft and to
permit blind landing. At present he is project
engineer in Space Mechanics Division of NASA where
he has worked on automatic altitude control systems
for satellites, and on the measurement of human
transfer functions.

Hugh P. Bergeron. Born May 22, 1936 in
Eunice, Louislana. Attcuded the University of
Southwestern Louisiana and received a Bachelor
degree in Physics in 1962. Started work with NASA
in 1962 in Space Mechanics Division and became
engaged in work on human transfer functions.




VSVN

*quamdinbs 94s9q JO WBIBBIP YOOTH ~-°T SINITJ

25+1) 1NdN|

1
Aw MNWM.+_

vp_x " INdLNO 101id-90TVNV

NIV

rav
|

1NN

4314 %

A 4

1071d 90TVNV f—
3JON34¥3I441Q %

4

TN

K ]

SOINVNAQ

AVdSid

30NVadN1SIa

1011d




sgpoyjem Suryowvay Jdjowered Jo uosTaedmo) -°*z SandTd

VSVN

o NIVO OL TTYNDIS =8 JHIHM

@b -@o-.m uozmmwumm

A@z v Q| |96 - I #=® 'GOHLIW IN3SIHd
2 30ON3Y343Y

A@o u_v 6 .Amwmvv I| |96 - Mwm M =0 ‘QOHL3IN HOY¥Y3 1Nd1lNO

(s)Q (s)Q . | 3ON3Y¥343d

oN? ¢ gv I| [(SIN)I - ((s)Q)g| M = © ‘GQOHLIN HOYY3 NOILVNO3
D@
|.®|®|0¥ =D

%m "w ‘WHO4 T3Q0W




|
|
VSVN

.AH + 9)s

oT
NIW ‘3WIL
¢ 2 _ O
_ _ _
01~
Rt ”__}4 et ?31%33?1&_; 10
0l
- O_ -
L S,.> AW 13).5,, .f..__.f _.....cc 7/5%‘/.?‘ ;..r}\ éi.i ,Pf .:%335% 10
10|
- O— -
R T T
lo|
_ o_ -
.u_,\ <.,.5,._.,.,,‘,1f<,,,_><,, o M W .,;‘“:x W ‘... " / B .. f {,J//S,_,i ,, g{f%fl . O
10|
: 10l -
%;S?\ . 3 \\
AM . / . 10
e/ Co L /s\f\/\ /§)<>>f\\<r i
Ol

JO soTwBUAD B UQTA unx otdweg -°¢ aInIT4g

S1710A
‘3ONIYIS4IQ

S1T0A

‘107Id 90TVYNY

SLT10A
‘1071d

S110A
‘HON¥N3
d3Avidsid

S110A

‘IONVEYNLSIq




(1+9)s

o Jo sOoTweUAD B TYITA sSUTED PIINSBIN ~-°% 2IN3Td

VSVN

NIN “3WIL

101 a




VSVN

*9893 STXe-aTIuls Jo Lrsummg -°G 2JINITJ

S1M0A 272 = HOYY3 SKWY Q37704LNOONN

960 6L Kol+sg+28)s
9| 90- |8I0| oz¢ s| 2| o Oi
S
22 | 60I- ‘881~ | 120 e |sol| 2| ¢ &
: A S . , . : : (1+8)s
o'l | roi-‘vei- [260| sve  [gg|g9|gE| -
) S)s
21 | 82- ‘g2- |obO 82 2| o ef B
20 9Z'l- |vgo|  9ogb 2| ¢| ¢ s/2
5 | 93s/sNviavy
(SLI0A | s100Y T3 ” Sy | 2 f Iy
HOHY3 AHOLY 09SO SOIWVNAQ
S I S0ISa10VaVHD d00T-0350T0 [SNIVD a3uNSvaw




(1 + 5)s
01

VSVN

Jo soTweukp B U3TM A3TATITSUSS LetdsTp JOo 393334 -9 2andTd

18- ‘161- (020 12 sl ol 1| HONI/SLIOA 000G
'0l- ‘v21- |20 o' ¢ cs| g9 | 22| HONIZSIIOA 00'S
L'2i- '8g1- | 820 99t | ¢c| 8| SS| HONI/SIIOA G2l
5 [03s/sNviavy
S100Y V3Y ” 2y | 2 | In
AHOLYDSO ALIAILISN3S AVidSId
SOILSINALOVEYHD dOOT @3SOT0 | SNIVS a3UNSVIW




VSN

*UOTAOW FNOYITM OM3 JO STXE® PUODSZ -*) 2an3Td

- NI

\f{f}zd%%\ff o)

Ol
0¢

0

7))\(())«!1/\(%({ e O—

T

U b 7
e i —

A_b ;ﬁ ; h ,f‘_ ]
,_x,_,_ﬁ;::_ ._ i P_ﬁ. _ , ‘..(e r_.r .;J } _.r.:.?l.l

.

é

077

0
Ol
0¢
Ol-
O
Ol
Ol-
O
Ol

O¢-
0
0¢

Iy

SII0A

‘1011d 9OTVYNV

SI0A “1011d




VSVN

‘UOTHOW TYJTM OM} JO STXe puocosg -°g 2mITg

F— Niw—|

0 2
35 Y
S
ol ’
L 3 _
e [0 X
02
oIy W M ) ! O_.-
oA e ,E;ié 0 y51id DTNy
ol
N -0I-
O A NSRS (¢ S110A “107id
-0l
-~02-
AMMPWAAPAMARAMANN AW AN AN AN A~ — O . 930
lpz ‘80¥¥3 d3AvdSIa




°s \N 30 soTuwsulp B J0J dootT ur 301Td JoTrsus YITA doOT UT q07td Jo uostasdwo) -*6 3INITA

VSVN

‘NIN “3WIL
¢ 4 | 0

I | 1

lif)>\3§?(«))\\{>}1)?i(f £ AN AN NN !

‘ANd.1n0
107ld 907TVNV

O s170A
O  ‘youu3

' -0I-
o . SLI0A
ol

Ol
Io_l
| ) SL10A
li?iﬁ?éi&éé%ﬁ%éﬁé&E%?%é?%ﬁno ‘IndLNO
-0l 101d
1% s10n
B Al a e & LCEE
-0l
-0I-
. S110A
AN sl e A S VA0 g ven 1 sig

-0l




(T + 8)s
«———  jo soweukp ® xo0J dooT ur 307Id Soreur Y3Ta dooT ut 307Td Jo uosTaedmo) -°*QT dINTTJI

0t
VSVN
‘NIW “3NIL
¢ 2 [ O
_ T T !
Ol-
S110A
AW A A WA Pt AMARA A, h
Ol 1071ld 9071VNV
— O_ -
0 S110A
H0oyyd3
=0l
— O_ -
ln_,: ﬁﬂ:}} Wi it 4_A._,.;i_,_ x_,,_._g W {i_:;i o &,_.a_f__d__‘....;___.,‘_\_l 0 ..__.WJ_m_l_._mu %O
| -0l 1071d
o o 1% s170n
A At e W e e —— O ‘4oyy3
-0l
—_ O_ -
A e _S170A
RN VANl qs||w_uoz<mmakma




(T + 5)s
0T
yaTs 101Td 07 smroI 40TId SoTBUB JUSISIIIP JO UYoJem JUTGBIFSNTTT SOTIOFSTY SWTL =°TT SINSTI

Jo soTweuflp ®

03S G~ [~
, (s+1)
f%vgi;%zzéifgéo sgi-> mmv_m_xt_v_
-0l
| \ ‘\_ | _< \ NAm+.$
bty T Sz
-0l
o son wome
|

- 0l




VSVN

HSS -

gzzg};%% :%,a
prerareaenli

J—

R

—

;_3,,?7?1%25%5 e

m+w<+Nm
O g¢p_? wlmv_l_wa
Ol
g+5V+5S

sy ly+1y

-9
0] SGI- wNv__vI._h_X

Am +N.~Xm+_.~v
wNY__¥+ _P_x




(1 + 5)s
OT

VSVN

Jo soTweuUAp

® YJTM SWIOJ TOpOW JUSISJITP UITA saTnsax Jo Arsmmg -°gT 2an3TJd

g+ Sv+2s
o9l|0e _ 0oL wmfaw mN¥_¥+;¥
. e . . m+w<+Nm
2'8¢- ‘0'l- |$20 9'¢ ogl|ov| | | OS Sy + 1y
gl vi{ex| M
(s +22)(s+12)
O} ZI[91 | L |sgr-® soyTy+ 11Ty
. . (s +21)(s+l2)
b'21- ‘L’- [8€0 L'e |p|oO]9 |S SOy Ty + 12T,
ey |ea| 12} Iy
o ols+1)
6 | G| sgr- SN + 11y
. . , . . . 2(s + 1)
I'0l- ‘b2'1- | 280 Gb'e gG| ¢9| g2 STy + 21y
§ |93S/SNVIavY 5 _
SLOOY V3 @ b 1 A
AUOLVT1I0S0 WHO04 T300W
SOILSINILOVHYHD dOO01 G3SOT10 | SNIVO Q3MNSV3IN

NASA-Langley, 1963




